INTRODUCTION
RNA-protein interactions are known to have crucial roles in gene expression, gene regulation and cell function [1, 2] . Several conserved amino acid sequence motifs for RNA binding as well as secondary structure elements of RNA such as hairpins, bulges and loops for protein binding have been identified as contact sites [3] [4] [5] [6] . However, our knowledge of the molecular structure of RNA-protein complexes is limited because only a few structures have been solved so far [6, 7] . RNA-protein co-crystals, which can be difficult to generate, are required for X-ray analysis. In contrast, valuable structural information can be obtained by cross-linking techniques without having a crystal structure. Furthermore cross-linking agents can be applied to the study of multicomponent complexes such as the ribosome. A strategy has been established after cross-linking for the precise determination of RNA-protein contact sites in the 30 S ribosomal subunit of Escherichia coli at the molecular level. In this method, the RNA-protein cross-links were reduced to oligoribonucleotidepeptide complexes by digestion with ribonuclease and endoprotease, and after purification were analysed by N-terminal sequencing and matrix-assisted laser desorption ionization MS (MALDI-MS) [8, 9] . This type of knowledge about RNA-protein contact sites in the ribosome at the molecular level is essential for an understanding of the functional implications of the constituents of the ribosome in detail [10] [11] [12] . Thus the cross-linking data obtained are required for the refinement of ribosome models [13] [14] [15] in combination with the known individual protein structures of ribosomal proteins [16] . The refined models can be inserted into maps of the overall topography of the ribosome as derived from, for example, cryoelectron microscopy images [17] [18] [19] [20] .
Here we report the determination of five RNA-protein contact sites at the molecular level within the 50 S ribosomal subunit of E. coli. The new cross-linking data are useful in refining the three-dimensional model of the large ribosomal subunit and enhance our knowledge of the structural details of RNA-protein recognition.
nucleotide levels. In this manner the following contact sites of five ribosomal proteins with the 23 S rRNA were established : Lys-67 of L2 to U-1963, Tyr-35 of L4 to U-615, Lys-97 of L21 to U-546, Lys-49 of L23 to U-139 or C-140 and Lys-71 and Lys-74 of L27 to U-2334.
EXPERIMENTAL Materials
2-Iminothiolane was obtained from Pierce (Rockford, IL, U.S.A.). Lys-C, Glu-C and 5h 3h phosphodiesterase (calf spleen) were purchased from Boehringer-Mannheim (Mannheim, Germany). RNAse A, ACTH (18-39) and α-cyano-4-hydroxycinnamic acid were obtained from Sigma (Deisenhofen, Germany) ; ribonuclease T " was from Calbiochem (San Diego, CA, U.S.A.), RNAsin was from Promega (Madison, WI, U.S.A.). All other chemicals were of pro analysis grade or ultra pure and were purchased from Merck (Darmstadt, Germany).
Preparation of 50 S ribosomal subunits from E. coli, crosslinking of ribosomal subunits, generation of cross-linked oligoribonucleotide-peptide complexes and size-exclusion chromatography were precisely performed as in Urlaub et al. [8] .
Reverse-phase HPLC (RP-HPLC)
The RNA pool derived from 300 A #'! units after cross-linking of E. coli 50 S subunits and after two stages of size-exclusion chromatography was digested in 1 mM EDTA with 10 µg of RNase T "
for 2 h at 50 mC. Subsequently the endoprotease digestion was performed after adjusting the solution to 25 mM Tris\HCl, pH 7.8, and 2 mM EDTA with either 3 µg of Glu-C or 0.39 unit of Lys-C endoprotease by incubation for 16 h at 37 mC. Two aliquots of 150 A #'! units were separately injected on a Vydac C ") column (250 mmi4 mm ; 300 A H ; The Separation Group, Hesperia, CA, U.S.A.). A gradient of 10-45 % solvent B was applied with a flow rate of 0.5 ml\min at room temperature over a period of 240 min. As solvents, aqueous 0.1 % (v\v) trifluoroacetic acid (solvent A) and 0.085 % (v\v) trifluoroacetic acid in acetonitrile (solvent B) were used. Single fractions showing absorbance at 220 and 260 nm were used for further analysis ; they were dried under vacuum and stored at k80 mC. The samples were dissolved in aqueous 0.1 % (v\v) trifluoroacetic acid\50 % (v\v) acetonitrile (1 : 1, v\v) for N-terminal sequence and MS analysis. 
N-terminal sequence analysis
Approx. 1-5 pmol of the cross-linked oligoribonucleotidepeptide complexes dissolved in aqueous 0.1 % trifluoroacetic
Table 1 Contact sites between ribosomal proteins and the 23 S rRNA within the 50 S ribosomal subunit of E. coli
The deduced cross-linked nucleotides and amino acids are shown in bold. The mass difference was calculated by subtraction of the peptide mass from that of the corresponding total complex. An asterisk indicates that the cross-linked nucleotide sequence can be verified by comparing it with the data in [21] . Abbreviation : n.d., cross-linked amino acid not determined. 
MALDI-MS
The mass spectra of the complexes were recorded with a MALDI-time-of-flight mass spectrometer (VG TofSpec ; Fisons Instruments, Manchester, U.K. ; or Bruker-Reflex ; BrukerFranzen Analytik, Bremen, Germany). For the mass determination, the dried-drop method was used by mixing 0. 
Oligoribonucleotide sequencing
The vacuum-dried oligoribonucleotide-peptide complexes were dissolved for alkaline hydrolyis in 20 µl of aqueous NH % OH, pH 10.5, and incubated for 15 min at 95 mC. For treatment with phosphodiesterase, the dried samples were dissolved in 20 µl of 1 mM Tris\HCl, pH 7.8, and incubated for 1 h at 37 mC with 0.002 unit of 5h 3h phosphodiesterase. The hydrolysed samples were then dried under vacuum and dissolved in aqueous 0.1 % trifluoroacetic acid\50 % acetonitrile (1 : 1) for the mass analysis as described above.
RESULTS

Isolation of cross-linked oligoribonucleotide-peptide complexes
The 50 S ribosomal subunits of E. coli were cross-linked with 2-iminothiolane followed by UV irradiation. The RNA-protein complexes were digested with ribonuclease T " and endoprotease Lys-C or Glu-C to obtain oligoribonucleotide-peptide complexes. Purification by size-exclusion chromatography and finally 617 613
Figure 2 MALDI-MS analysis of the L4 cross-link
Mass spectrum of the total complex (A) and after hydrolysis with aqueous NH 4 OH (B) and 5h 3h phosphodiesterase (C). The deduced oligoribonucleotide moiety is shown in (D). Additional mass peaks of j18 Da (H 2 O) were detected after hydrolysis with aqueous NH 4 OH.
by RP-HPLC led to the isolation of these complexes by monitoring the absorption at 220 and 260 nm (Figure 1) .
N-terminal sequence analysis
The N-terminal sequence analysis of the peptide moiety enabled the corresponding ribosomal protein to be identified : a gap in the sequence defined the cross-linking position ( Table 1) . The crosslinked amino acids in the ribosomal proteins L2, L4, L21 and L23 were clearly identified at a single position. Slightly different sites were obtained for L27 when different endoproteases were used. The neighbouring lysine residues at positions 71 and 74 respectively were identified as cross-linking sites to the same oligoribonucleotide sequence. This observation can be explained easily on the assumption that both lysine residues are involved in this particular RNA cross-link.
MS
The oligoribonucleotide moiety was analysed by MALDI-MS before and after partial hydrolysis (Figure 2) . The nucleotides at the 5h and 3h ends were partly hydrolysed from the oligoribonucleotide-peptide complexes by treatment with aqueous NH % OH ; this resulted in fragments of different lengths. The additional 5h 3h phosphodiesterase digest defined fragments from the 5h end. The mass difference between the total complex and the corresponding peptide enabled the determination of the composition of the cross-linked oligoribonucleotide, whereas the oligoribonucleotide sequence and cross-linking position were revealed after the partial hydrolysis ( Table 1) .
The composition analysis of the 2-iminothiolane cross-links could be calculated with a mass accuracy of better than 0.7 Da by using the corresponding detected peptide mass as an internal calibration. An internal standard (ACTH 18-39) for calibration was added to the UV cross-linked complex of L4 because the corresponding peptide mass was not detected.
The contact sites of the ribosomal proteins L2, L4, L21 and L27 with the 23 S rRNA were localized to a single nucleotide, whereas two possible neighbouring nucleotides were determined for L23. These new results are in accordance with other RNAprotein cross-linking data from the 50 S ribosome [21] , where the entire nucleotide stretches were determined, but not the precise cross-linked nucleotide as in our studies.
DISCUSSION
The knowledge of RNA-protein contact sites at high resolution is important for combination with the information obtained from three-dimensional structures of ribosomal proteins [22] [23] [24] [25] [26] [27] [28] and RNA subdomains [11, 29] . The new results in this study can be correlated with the cryoelectron microscopy images of the ribosome [17, 18] . They further help to fit the known threedimensional protein structures into the refined rRNA molecular models by fixing points [13] [14] [15] 19, 20, 30] . Although RNA-protein interactions in the ribosomes have been studied extensively, mainly by cross-linking [14] and footprinting experiments [31] , these methods fail to define the relative arrangements of the components and the precise localization of the contact sites of individual nucleotides and amino acids. For this purpose we developed an approach to determine the contact sites after crosslinking by either direct UV irradiation (zero-length cross-linker) or treatment with 2-iminothiolane (7 A H ) followed by UV irradiation [8, 9] . In this paper the application of this approach was demonstrated for the 50 S ribosomal subunit.
The cross-linked amino acids of the ribosomal proteins L2, L4, L21, L23 and L27 were identified. Unfortunately, the threedimensional structures of these proteins have not yet been solved. If these structures become available, the RNA-protein interaction data could be used to fit these structures into the model of the 50 S ribosomal subunit as shown for S7 and S8 for the 30 S subunit, for example [20] . RNA-binding motifs [3, 4] were not found within these proteins. Hairpin loops (L4, L21 and L23) and internal loops (L2 and L27) were identified as secondary structure motifs for protein recognition by the 23 S rRNA with our cross-link data.
The ribosomal proteins L2, L3 and L4 are the most likely candidates for an involvement in the peptidyltransferase activity ;
Scheme 1 Presentation of the cross-linking site between the ribosomal protein L2 (Lys-67) and the 23 S rRNA (U-1963) in E. coli
The secondary structure of the 23 S rRNA refers to Brimacombe [14] . The cross-linking site within the peptide and the rRNA is connected with an arrow and is shown in bold.
L27 has an important role in ribosomal function and assembly [11] . Contact sites to the 23 S rRNA of three of these proteins were identified. The functional implication of ribosomal protein L2 is of particular interest [32] . The cross-link of L2 was located in domain IV (Scheme 1) of the 23 S rRNA, which is in accordance with nuclease protection experiments [33] in which two nucleotide regions were identified as L2-binding sites. Furthermore another cross-link of L2 was localized within the same domain of the 23 S rRNA [34] . 
